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Su— ary 

This  papor  reports  axparluaats  oa  aa  nas toady  turbulent  boundary 
layer.  Tba  upstraaa  portion  of  tbs  flow  la  staady  (la  fha  aoa a),  u 
tbs  downstrssa  ration,  tbs  booadary  layer  aooa  a  llaaarly  doeroaalat 
frsa-strsaa  velocity.  This  velocity  gradient  oscillates  la  tlaa,  at 
frequencies  ranting  from  saro  to  approximataly  tbs  bursting  frequency. 
Considerable  detail  la  reported  for  a  low-aaplltude  case,  and  prallnlaery 
results  are  givn  for  a  higher  saplltuds  sufficient  to  produce  cone  re¬ 
verse  flow.  For  tba  small  amplitude,  tba  mean  velocity  and  mean  turbu¬ 
lence  Intensity  profiles  era  unaffected  by  tba  oscillations.  Tbe 
amplitude  of  tbs  periodic  velocity  component,  although  aa  much  aa  70S 
greater  than  that  In  the  free  stream  for  very  low  frequencies,  becomes 
equal  to  that  In  tbs  free  stream  at  higher  frequencies.  At  high  frequen¬ 
cies,  both  the  boundary  layer  thlcknesa  aad  tba  laynoldc  stress  distribu¬ 
tion  across  the  boundary  layer  bacons  frosea.  She  behavior  at  larger 
amplitude  Is  quite  similar.  Most  Importantly ,  at  sufficiently  high  fre¬ 
quencies  tbe  boundary  layer  thickness  remains  frosea  at  Its  mean  value 
over  the  oscillation  cycle,  even  though  flow  reverses  near  tbs  wall  during 
a  part  of  tbe  cycle. 


Introduction 

The  objectives  of  ths  Stanford  Unsteady  Tbrbulent  Boundary  Layer 
Program  are:  to  develop  a  fuadaaantal  understanding  of  such  flows',  to 
provide  a  definitive  data  base  which  can  be  used  to  guide  tuebaleaeo  model 
development,  aad  to  provide  test  cases  which  can  be  used  by  computers  for 
comparison  with  predictions. 

Oea  to  space  limitations,  work  of  other  Investigators  wtll  met  be 
sumnerlsed  here,  except  to  note  that  all  ths  previous  ssp  irtmiifi  are 
characterised  by  unsteady  flow  at  ths  Inlet  to  ths  unsteady  rag  tan,  far  a 
comparison  of  ths  present  experimental  parameter  range  with  thsae  Of  other 
investigations,  see  Bafereaca  1.  The  distinctive  faetseu  of  the  present 
experiments  Is  that  ths  boundary  layer  at  ths  lalac  to  ths  umscamdp  Xagiom 
Is  a  standard,  steady,  fiat-plate  turbulent  beahBetf  lapsr*  It  Is  then 
subjected  to  controlled  oscillations  of  tbs  free  etas  an  fMa  feature  la 
especially  Inpsrtsat  from  ths  point  of  view  at  a  eeagntwr,  she  flMSiS  pvtr 
cleo  opacification  of  bsuadsry  conditions  far  ttapmlailaa  a*  the  flam* 
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Condi 


tioa  of  tto  Prescst  hurint 

The  teirtd  fnratna  velocity  «.(x,t)  is  the  inter  tunnel  Wit 
for  this  work  la  atom  is  Pig.  1.  a*  rasalsa  atnir  asi  unlfotm  for  tto 
first  too  sotara  of  boundary  layer  toalayaast.  It  ttoa-iacraaaaa  Ur 
early  1s  tto  taat  sactlos;  tto  magnitude  of  tto  velocity  gradient  varies 
sinusoidally  fros  seto  to  a  value  during  tto  osclllatiOB  cycle. 

The  mean  free-stream  velocity  dlatrlbotloc  is  tto  taat  section  is  thee 
linearly  decreasing  and  corresponds  to  tto  distribution  at  the  cycle  phase 
angle  of  90* ,  while  the  espUtoda  of  -Imposed  free-stream  oscillations 
grew  linearly  in  the  s  trowel  as  direction,  starting  at  sere  at  tto 
entrance  to  a  nanism  value  of  a0  at  tto  exit.  Bancs, 

^  o  *  <  *0 
*  V.  -  *  ~  “]  •  +  l 

The  Important  paramo  tars  of  this  problan  are  the  amplitude  par  mas  tar 
a  ■  a0/uM'0  and  the  frequency  parameter:  •  f4#/^,  Bare  f  ■ 

w/(2«)  and  &Q  la  the  thickness  of  tto  boundary  layer  at  the  inlet  to 
the  unsteady  region.  In  the  present  experiments: 

0.  o  -  0.73  m/e,  l0  *  0.05  a,  0  <f  <  2  to,  0  <  m  <  0.25,  0  <  0g  <  0.1* 

It  should  be  mentioned  that  the  value  of  tto  frequency  parameter 
at  tha  sir-called  "bursting  frequency”  1m  turbulent  boundary  layers  is 
about  0.2  12).  Thus  tto  Imposed-  oociliation  frequencies  used  in  the 
present  experiments  cover  tto  range  from  qoasl-staady  (f  *  0)  to  values 
approaching  the  bursting  frequency.  The  results  reported  tow  ace  for  tm 
aon-d lmenslonsl  amplitudes,  o  ■  0.05  and  0.25  (nominally) .  lbs  latter 
Is  sufficient  to  causa  reverse  flee  la  a  turbulent  boundary  layer  at  tto 
end  of  tto  cast  section  during  a  port  of  tto  oscillation  cycle. 

Isserlmeatal  facility 

Figure  2  la  a  schematic  of  tto  facility.  Iba  1*:1  nosale  comtrmctlau 
is  followed  by  a  2  a  long  development  sac  ties,  where  tto  taat  boundary 
layer  is  grown  on  the  top  wall.  A  constant  toad  and  a  constant  flam  to- 
sistanea  provide  a  constant  flew  .  Tto  frssretrtcsa  velocity  la  tto  davol-“ 
opment  section  is  salstslsed  wmlfors  along  s  by  bleed  from  tto  bottom 
wall. 

lbs  linear  decrease  in  free-strem  velocity  is  tto  test  section  la 
accomplished  by  uniformly  bleed!*  off  earns  flow  tbreegh  tbs  bottom  well 
in  tto  test  section,  tto  remainder  of  tto  flow  amici  dwssttana  - 


_tbM*  wo  flows  oxl to  Us  tww>1  through  slots  to  sa  ooolllaHwg  ftoto« 
too  design  assures  that,  regardless  of  ths  pssltita  of  too  ostlllotdag 
plots,  -ttao  total  flow  oroo  of  tho  slots  rosolso  tta  soso.  too  slots  too 
tfao  coatrolltot  roslatoaoo  of  tks  tattoo  flsto.  elreolt,  kotos  tks  sosMOtat 
flow,  otossoidally  osclllstlsj  tks  fists,  *  Usssrly  dow«»l<HSrtp 
odic  froo-strota  distribution  -is  ostskUshod  to  tko  tost  ooctlta,  OkSfel 
tho  opstrota  flow  to  tko  dosslofwsst  ssetira  rosolso  otoodf • 


Pitot  taboo  oro  wood  for  son  mloclty  ssoostosonto  to  otoodf  flow 

scot  tor,  Brogg-ohlftod  DXSA  losor  oaosowotor  to  tho  traoktog  sods* 

followlag  Bisssln  ond  Bofsoldo  [3),  tko  tootmtoooooo  velocity  olgsol 
fros  on  aastoodj  torbulont  flow  soj  bo  docosfoood  lata  throo  parts: 


s  ■  a  ♦  a  ♦  o' 


whoro  a  lo  tko  soon,  3  to  tho  t too-daposdtat ,  organised  ( dstoxwlalo tie ) 
component,  and  a*  to  tho  rondos  fluctuation,  a*  to  dotorulnod  by  long" 
ttoo  averaging  of  a.  loro  3  to  sf  s  poriodle  aotoro  and  my  hd  do  tor- 
stood  by  first  phoeo-avoragtog  tho  Isottatosooao  velocity  signal  and  than 
oabtrscttot  out  tho  soon,  toss, 

B  -  <  S  >  -  «  (1) 

Boro  <  u  >,  tho  phooa  average  velocity.  Is  dotatstood  by  svsrsg tog  over 
os  osooshlo  of  osoplos  tokos  st  o  ftosd  phsso  to  tks  tspoosd  oodllstlta. 
Is  tks  peasant  exper toasts,  with  horsonlc  ooclllotlos  of  tho  froo  strata, 
tho  roopoooo  ot  pototo  sithto  tho  boos  lory  loyor  to  oUstst  rtsoooldol , 
with  hlghsr  hsrsoolco  omtrtbwttog  toss  than  9S.  Iosco,  3  say  otoO  Is 
tatroctod  tom  tho  lootostssssso  olgsol  s  by  orota  ■sHtllrtilsl  s(€h  s 
also  asm  to  phoso  with  tho  sootllorlta  A  digital  correlator  (to  3721A) 
woo  wood  to  dotosstoo  ore  so-  oorrslotloso  logging  to  tta  •  dim  ropottof 
hors.  Csrrostly  s  SBC  BOB-11  tokorototy  itotoosgttar  systtoB  to  shod  fob 
on  tom  tic  dots  sofsislttos  sad  prosssstog,  olUwiag  Hio  dSMaattattos  Of 
phoso  ossrogso  of  s  asd  ***• 

Iocs  ties  scar  tho  sad  of  tho  tost  statins  st  a  •  ju  •  O.Jdd  t. 


The  mm  velocity  profiles  Hiwril  «Uh  th*  oocnUrfqg  pUtt  la 
flan*  porttHM  6  -  0,  90* ,  IN*  (M  fit  If  IHM  curves  iaTlg.  3. 
ttnee  uni— t  ihni‘wiri|i<  pwlilii  at  m*  iwpa*y>  !«*♦>  foot* 
•tM#  praflln.  it  this  aapiltude  (c  -  0.05) ,  til  response  of  tin 
boundary  Itjtr  isalaoet  Hoot,  so. that  tlo  .profile  corresponding  to  •  • 
90*  11m  bmtIp  aldwey  between  the  9*0  of  100*  profile*,  The  90* 

profile  represents  tbs  wen  profile  for  gossi-stoody  oscillations.  The 
difference  betweea  the  0  sad  90*  profiles  at  a  fixed  yloeatlon 
represents  the  snplleoda  of  q  easi-steady  oscillations  at  that  lesatloa  la 
ths~  boundary  layer.  Note  that,  the  quasi-steady.  aaplltndes  la  the  bonadary 
layer  ere  larger  thaa  the  free-streen  saplltnde. 

The  assn  velocity  profiles  aaasorod  under  oscillatory  ooadltloos  at 
0.5  hs  and  2.0  ha  are  shown  as  data  points  la  fig.  3.  Kota  that  the 
aeaa  velocity  profiles  et  various  frequencies  are  Identical  with  the  pro- 
file  ass sored  under  stationary  condition  with  pulser  angle  set  at  •  • 
90*.  It  nay  be  concluded  that  the  aeaa  velocity  profile  (at  a  fined  an r 
plituda  a  ■  0.05)  Is  independent  of  the  laposed  oscillation  frequency  la 
the  entire  range  0  <_  f  <_  2  hs.  The  saw  behavior  persists  all  the  way  op 
to  the  wall. 

This  behavior  of  the  aeaa  velocity  profile  aay  bo  explained  by  an 
steal  nation  of  the  governing  equations.  One  of  (1)  la  the  aeasatua  equa¬ 
tion  end  tine- averaging  yields  - 

<3> 

Equation  (3)  aay  he  recognised  an  the  equation  goveralag  an  ordinary  tur¬ 
bulent  boundary  layer,  swept  for  the  addition  of  the  WBh-  ew»  which 
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We  •hill  now  argue  that  neither  of  the  above  requirements  ie  aet>  Figure 
4  shove  the  Measured  distribution  of  eater  stationery  condition 

with  the  pulsar  at  •  »  90*  (the  aaaa  position)  so  well  as  tbesa  eea- 
ourod  under  oscillatory  conditions  atfrsqaeeclos  up  to  2  hs.  Bote  that 
u^g  la  Independent  of  the  lepoesd  oscillation  frequency  end,  further , 
that  It  la  the  sane  as  that  Measured  at  f  •  0  end  •  ■  90*.  Me  believe 
that  the  sane  would  he  true  for  -SHT*  uhleh  at  present  ue  cannot  wee- 
sura.  Figure  5  gives  a  comparison  between  measured  values  of  uv  at  2  he 
with  date  on  -  u Tvr  obtained  by  Andersen  (4]  In  a  steady  adverse  pressure 
gradient  boundary  layer  at  comparable  conditions.  The  present  data  on 
uv  warn  . obtained  by  'separate  U8A  measurements  of  o  sad  v  and  their 
respective  phases.  It  may  be  seen  thet  the  contribution  of  uv  to  total 
Reynolds  stress  Is  Insignificant  over  almost  the  satire  boundary  layer. 
Bence,  uTvr  la  independent  of  frequency  and  uv  Is  negligible,  end  so 
the  mean  velocity  profile  is  also  independent  of  frequency  and  la  the  sane 
as  that  found  at  f  -  0  with  6  ■  90*. 

Tbs  behavior  of  the  periodic  component  3  will  nest  be  amised.  We 
denote 

8  •  *i(y>  coslwt  +  4(y)J  (4) 

The  profiles  of  amplitudes  a^  measured  in  the  boundary  layer  and  normal- 
iced  by  the  free-etresm  amplitude  a^  >t.  are  shown  In  Fig.  6.  The  profile 
for  quasi- steady  (f  •  0)  oscillations  wee  determined,  as  explained  ear¬ 
lier,  from  the  mean  velocity  profiles  measured  at  -  f  •  0  with  6  •  0, 
90* ,  and  180*  (see  figs.  3(e),  (b)).  Bote  that,  during  quasi-steady 
oscillations,  the  amplitude  In  the  boundary  layer  aucoodo  the  free-etresm 
amplitude  by  as  much  as  70X.  It  nay  be  mentioned  that  date  for  f  -  0.1 
ha,  not  shown  on  fig.  6,  do  Indeed  come  very  does  to  the  qusal-ataady 
behavior. 

As  the  frequency  la  increased,  the  amplitude  within  the  boundary 
layer  Is  attenuated.  The  amplitude  appears  to  drop  ee  f  is  Increased 
and  then  rise  again.  At  high  frequencies,  the  amplitude  in  most  of  the 
boundary  layer  Is  the  same  as  la  tbs  fres-stresw}  near  the  well  the  ampli¬ 
tude  of  the  periodic  component  rapidly  drops  to  sure. 

The  phase  differences  between  the  boundary  layer  ooclUatlone  and 
free-streem  oscillations  are  shown  in  fig.  7.  for  f  “  0  there  is  no 
phase  difference^  The  largest  phase  lags  la  the  outer  region  of  the 
boundary  layer  were  ohssrved  at  f  •  0.23  hs.  The  effect  of  lnereeslig 
the  frequency  is  to  rsdues  the  phase  lag  la  the  enter  regie*,  but  to 
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introduce  large  phase  1— da  la  the  region  vary  elooo  to  the  nail. 
Clearly,  tha  asymptotic  behavior  ol  the  oatat.  «-<"  for  high  frequencies 
la  oaee  again  a  aero  pha aa  lag  with  reapeet  to  frao-straam  oaelllatlona, 
aa  la  the-qoasl-ateady- eaaa. 

At  high  frequencies  *  tha  combination  of  tha  asymptotic  behaviors  of 
and  ♦  in  the  outer  region  together -wltfc-thn  iaet  that,  tha  mean 
velocity  profile  la  uaaff acted  by  Imposed-  oscillations,  baa  tte  affect-of 
dressing  the  boundary  layer  thickaaaa.  This  -is  shorn  in  rig.  .8,  where  the 
Phsae-avaraged  boundary  layer  thickness  <  6  >  is  plotted  as  a  func¬ 

tion  of  the- -cycle:  phase  angle,  for  several,  -frequencies..  Tha  quasi-steady 
behavior  of  <  4>w  >  is  quite  obvious i  .  at  •  -  0,  tha -boundary,  layer 
la  the  test  section  continue*  to  develop -under  a  saro  pressure -gradient 
and  Is  tbs  thinnest  at  this  point  in  tha  entire  cycle.  As  the  phase  angle 
la  Increased,  pressure  gradients  of  increasing  adversity  are  imposed  on 
tha  boundary  layer,  causing  it  to  thicken.  The  maxima*  thickness  is  at¬ 
tained  at  •  •  180*  under  the  aaxlaua  adverse  pressure  gradient.  Hence, 
et  f  •  0,  4  oscillates  180*  out  of  phase  with  q,. 

Onder  oscillatory  conditions  at  f  -  0.25,  0.5,  and-  2.0  hs,  two 

things  happent  a  significant  phase  lag  develops  from  quasi-steady  behavior 
and  the  amplitude  attenuates  with  increasing  frequency.  For  tbs  f  «  2.0 
ease,  the  variation  over-  the— complete-cycle— Is  less.than  IX  and  the 
boundary  layer  thickness  la  practically  frosen  during  the  oscillation 
cycle. 

It  nay  be  shown  by  a  slaple  argunent  based  on  a  nixing  length  model 
of  boundary  layer  turbulence  that  the  dressing  of  tha  boundary  layer 
thickness  at  high  frequencies  Is  also  accompanied  by  f reusing  of  the  Rey¬ 
nolds  stress  over  tha  oscillation  cycle.  1b  prove  this,  we  hypothesise 
that  the  phase-averaged  Reynolds  stress  distribution  may  be  related  to  the 
phase-averaged  velocity  profile  la  tha  same  manner  as  for  a  steady  bound¬ 
ary  layer,  l.e., 

-  <  u*v*  >  •  tm  i ?  ,  c^  -  i2j*  S,gg.  ?  (5) 

How,  in  tbs  outer,  region  of  the  boundary  layer,  the  nixing  length  1  may¬ 

be  modeled  as 

*  -  *  <  «.m  >  <«> 

where  X  is  nearly  a  constant.  Rom, 

<u>  •  u  +  n  »  «♦  a^(y)  cos(«t  ♦  p(y)J  0f 


6- 


in  ehn  higb-fragusocy  IMt, 
a^y)  -  a^  -  coast  i  ♦(y)  »  0  «nd  <  >  -  T>M  •  coast. 


Therefore 

Containing  tbs  tbon,  oas  finds 
-  <  u 


r-  -.2 


•  -  rf 


(•) 

,  C*> 

(10) 


i.a.,  tin  phuo>mri|*d  laynolds  stress  la.  tbs  outer  region  also  becoass 
frozen  at  -  u*v* . 

Experimental  evidence  of  this  streaa-freesing  behavior  eea  obtained 
by  aeaanraments  of  phese-averaged  normal  turbulent  etreaa  <  u'2  >•  Tbs 
quaal- steady  (f  *  0)  profiles  of  <  u>2  >  are  shown  in  Fig.  9  for  three 
phase  angles  •  ■  O',  90* ,  and  180*.  Hota  that  tbs  distribution  for  90* 
lias  nearly  midway  between  those  for  0*  and  180*.  The  distribution  of 
<  u'2  >  for  90*  is  tbs  seas  as  the  distribution  of  n*  ,  as  seen 
earlier.  Therefore,  the  difference  between  tbs  0*  and  90*  curves  in 
Fig.  9  represents  tbs  amplitude  of  quasi-steady  oscillations  of  <  u*2  > 
at  any  point  la  tbs  boundary  layer.  Ibis  amplitude  was  determined  graph- 
lcally  from  Fig.  9  and  is  plotted  la  fig.  10  for  tbs  case  of  f  -  0. 
Under  oscillatory  conditions,  tbs  amplitude  of  tbs  normal  stress  oscil¬ 
lations  la  tbs  boundary  layer  attenuates  as  tbs  frequency  of  imposed  os¬ 
cillations  is  increased  from  f  •  0.  At  f  »  2.0  ha,  tbs  amplitude  of 
straaa  oscillations  across  tbs  boundary  layer  is  almost  aero  over  tbs 
outer  region,  aa  seen  in  Fig.  10,  l.e. ,  tbs  stress  Is  almost  frosan  over 
tbs  oscillation  cycle. 


behavior  Hoist  lane  dnsiltedas  of  Xusoood  Oscillations 

He  now  dlseusa  tbs  ease  of  a  •  0.25.  All  data  r#ortmd  for  this 

i  ' 

case  are  preliminary  and  subject  to  revision.  They  ace  Included  here 
because  of  their  special  interest  to  this  meeting.  Also,  boocmaa  of 
apparatus  peculiarities ,  e  varies  s onsets t  with  f  in  this  case, 
bancs  0.25  la  only  a  seminal  value. 

the  behavior  is  qualitatively  similar  to  tbs  u  *  0.05  csss.  Ibe 
mess  velocity  profllee  for  f  •  0,  0.25,  0.5,  cad  2.0  8s  are.  shams  is 


Fig.  11. 
0.5,  sod 


et  f  •  0, 
there  is  c 
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2.0  la 


of  f  *  0.25, 


significant  daxiaUam  1*  tbsq*M^D*n-0<4b*,houodAry.iajajc.  JM*.d8*i* 
atioo  rmlu  fra  ummIvi  thickening  of  ttao  boundary  layer  dor  lot  • 
port  of  the  ooeillotioo  cycle  orooad  tho  phooo  angle  of  180**  Bo  block- 
o#r  offset  of  -  an-excesalvely  thick  boundary  layer  -causes  -on  lacroaoo  In 

the  local  frae-strean  velocity  In  the  tact  section*  Therefore,  the 

5 

|  deairad  linearly  deeraaaing  f roe-stream  Telocity  distribution  is  nor 

achieved  over  a  part  of  the  cycle.  -  At  -higher  frequencies,-  though,  the 
boundary-  layer  thickness  ever  the-  entire  -oscillation  cycle  deviates  very 
little  fron  its  seen  value,  corresponding  to  the  8  ■  90*,  f  ■  0  con¬ 
dition. 

Tha-bebsvlor  of  the  amplitude  ratio  and  phase  difference  with  respect 
to~  free  -stress,  as  shown  in.  Jigs*  12  and  13,  is  quite  similar  to  that  for 
the  lower- amplitude  case.  At  high  frequency,  the  overshoot  in  the  ampli¬ 
tude  ratio  disappears  and  phase  angles  over  moat  of  the  boundary  layer 
approach  zero.  Very  close  to  the  wall,  there  is  a  tendency  to  develop 
phase  leads. 

The  phase-averaged  velocity  profiles  for  f  •  2.0  In  are  shown  in 
Pig.  14.  Note  that  at  8  •  180*  there  is  a  small  region  of  reversed  flow 
close  to  the  wall.  Despite  this  flow  reversal,  the  boundary  layer  thick¬ 
ness  remains  dose  to  its  as  an  value,  as  seen  in  Fig.  IS.  This  behavior 
Is  in  contrast  to  that  of  a  steady  boundary  layer,  where  excessive  thick¬ 
ening  of  the  boundary  layer  occurs  as  flow  reversal  is  approached.  At 
low  frequency  (f  *  0.25  hs) ,  the  thickness  oscillates  as  -much  as  ±  40X 
about  the  mean  value;  however,  at  f  -  2.0  hs  this  variation  is  only 
about  ±  52. 


Conclusions 

The  conclusions  from  our  experiments  to  date  may  be  summarised  as 
follows: 

1.  The  mean  velocity  profile  in  the  boundary  layer  Is  unaffected  by 
imposed  free- stream  oscillations  in  ths  range  of  frequencies  em¬ 
ployed,  and  it  is  the  seme  as  the  ona  measured  with  a  free-streaa 
velocity  distribution  held  steady  at  its  naan  value. 

2.  This  behavior  of  tho  mean  velocity  field  is  a  consequence  of  two 
observations:  (a)  ths  time- aver  aged  leynolde  stress  distribution 
across  ths  boundary  layes  is  unaffected  by  the  imposed  oscillations 
and  is  Indeed  ths  same  as  ths  ono  measured  with  ths  free-stream  vel¬ 
ocity  distribution  hold  steady  at  tbs  moan  value;  and  (b)  ths  lay- 
nolds  stresses  arising  from  the  organised  velocity  fluctuations  under 
imposed  oscillatory  conditions  are  negligible  compared  to  ths  iey- 
aolds  stresses  due  to  tbs  random  fluctuations. 
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3*  The  amplitude  of  tbo  periodic  component  la  the  boundary  layer  under 
quasi-steady  oaclllatlons  (f  ♦  0)  ia  a a  much  aa  70S  larger  than  the 
iapoaed  free-strean  amplitude.  However,  at  higher  frequencies  Che 
peak  anpllfcude  In  Che  boundary  layer  is  rapidly  actenuaCed  coward  an 
asynptotic  behavior  where  anpllCodes  In  Che  ouCer  Teg ion  of  Che 
boundary  layer  become  Che  sameaa  Che  frae-atream  amplitude,  dropping 
off  Co  sero  in  Che  near-wall  region. 

4.  Quaai-sceady  boundary  layer  velocity  response  la  in  phase  wlch  Che 
lnposed  free-strean  osc ill a Clone.:  As  Che  frequency- Is  Increased , 
phase  lags  begin  Co  develop  -in  rche  -  oucer  region-  of  -Che -boundary 
layer.  The  aagniCuda  of  chls  phase  lag  reaches  a  maximum  and. Chen 
decreases  wlch  increasing  -frequency  uncil  -an  asynpcoclc  llnlc  Is 
reached  where  Che  ouCer  region  once  again  responds  In  phase  wlch  Che 
free  screen.  Near  Che  wall,  however,  large  lead  angles  are  presenc 
at  higher  oscillation  frequencies. - 

5.  A  consequence  of  (3)  and  (4)  above  is  Chat  Che  boundary  layer  thick¬ 
ness  becones  nearly  frosen  over  Che  oscillation  cycle  ac  higher  fre¬ 
quencies.  This  renains  true  even  if  flow  reversal  Cakes  place  in  Che 
near-wall  region  over  a  part  of  Che  oscillation  cycle,  as  in  Che 
larger anplitude  case. 

6.  A  consequence  of  (3),  (4),  end  (3)  above  Is  chat  Che  Reynolds  stress 
distribution  In  Che -outer  region  of  Che  boundary  layer  also  becones 
frosen  over  Che  oscillation  cycle  at  higher  frequencies. 
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